Background and Purpose-This is the first bibliometric comparison between countries of the development of stroke research over time. Methods-Clinical and epidemiological articles on stroke published 2001 to mid-2011 were identified in Science Citation Index Expanded. Article fractions, citation fractions, h-index, and international collaboration were calculated using the BibExcel software and adjusted for population size and gross domestic product. Results-The United States dominated with 28.7% of the sum of article fractions and 36.2% of the sum of citation fractions. The United States, Japan, the United Kingdom, and Germany together accounted for 52.1% of articles and 61.0% of citations. When adjusted for population size or gross domestic product, several small European countries, together with Israel and Taiwan, ranked the highest. Per population, there was a negative association (rϭ0.60) between burden of stroke (disability-adjusted life-years lost) and number of articles per population. In China, South Korea, and Singapore, the annual growth of stroke articles was more than twice the worldwide average. Whereas multinational collaboration was common within Europe and North America, it was relatively uncommon between Asian countries.
B ibliometrics is increasingly used to evaluate research by quantity as well as quality. Examples of its use, at least as a supplementary instrument, are ranking of journals, ranking of candidates that apply for academic positions and awards, allocation of resources to research groups, and external reviews of the scientific excellence of institutions or universities. 1 It has been argued that the strength of bibliometrics is its intrinsic validity in contrast to surrogates such as external grant funding. 2 At the macro level, it may also be used to evaluate scientific performance at a regional, national, or multinational level.
Despite its wide application in other research domains, there is very limited literature 3, 4 in which bibliometrics has been used for benchmarking of performance in stroke research or neurological research at large. A recent editorial in Stroke used bibliometrics to compare the impact of selected neuroscience journals. 5 An extensive validation of bibliometric data on Swedish neurological research showed that a presumed decline in international competitiveness was not attributed to methodological bias. 6 In this benchmarking study, we provide information on countries' proportions of all articles on human stroke research, their impact, and time trends during the years 2001 to 2011. The methodological approach for the present study is similar to that applied in an overview of public health research. 7 Crude data as well as data adjusted by population size and gross domestic product (GDP) are reported. The relation between number of stroke publications and population burden of stroke is analyzed. In view of the close linkage between clinical and epidemiological research, we have included both. Preclinical experimental research is not covered.
of Science. The study covered a period from January 2001 to August 2011. For time trend analyses, we included only full years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Citation analyses were based on articles during the years 2001 to 2010 and cited up to August 2011.
Inclusion criteria were (1) clinical and epidemiological articles on stroke, including all subtypes listed in MESH; (2) original articles and reviews; (3) articles published in English; and (4) time period from January 2001 to August 2011. In time trend analyses, we included only countries with Ն100 articles published during 2001 to 2010. Exclusion criteria were (1) nonhuman studies; and (2) articles other than original studies and reviews; thus, conference proceedings, editorials, letters, and book chapters were excluded. Although the main analysis concerned only English language article, articles in other languages were also recorded in a supplementary analysis.
The search strategy is presented in Supplemental Table I (http://stroke.ahajournals.org). In addition to "stroke," we used synonyms to stroke ("cerebrovascular disease[s]" and "apoplexy") and all stroke subtypes listed in MESH as search terms. Because the term "stroke" is also included in the cardiology term "stroke volume," we excluded articles with the latter term. A random sample of 455 articles (1% of all articles) was reviewed to validate the search.
The software BibExcel 8 was used to analyze the downloaded records from the search: editing country addresses, calculation of article fractions, citation fractions, and country coauthorships. The analyses are based on sums of article fraction and sums of citation fractions. When an article has authorship from Ͼ1 country, each country is assigned a fraction of this article and its citations depending on the number of addresses, for example, for an article with 2 addresses from 1 country and 1 address from another country, the first country is assigned two thirds of an article when quantity is analyzed and two thirds of its citations.
As a supplementary analysis, the impact of publications was also measured by the h-index. 9 This index is constructed so that it discounts the disproportionate weight of highly cited articles or articles that have not yet been cited. Using BibExcel, we adopted it to estimate the impact of stroke publications at the country level.
The number of articles and citations are reported as percentages of all articles and citations, both as crude proportions and proportions adjusted by number of inhabitants and gross national product. Data on population sizes were derived from UN statistics 10 and data on gross national product from The World Bank 11 supplemented by data on Taiwan from the International Monetary Fund database. 12 European Union countries were combined both as member states in 2001 (EU-15) and in 2011 (EU-27). For analyses of number of articles in relation to population burden of stroke, we used World Health Organization country data on disability-adjusted life-years lost by cerebrovascular disease. 13
Statistical Methods
Poisson regression was used to model the sum of article fractions.
Year was included as a continuous covariate assuming a log-linear relationship. Separate models were fitted for each country and the regression coefficientϫ100 was used to estimate the annual relative change (%). To compare time trends, an additional model included all countries and the independent variables country, year, and country-by-year interaction. Estimates are presented with 95% CIs and the level of significance was 0.05. Approximate 95% CIs for ranks were calculated by using a Monte Carlo simulation procedure, similar to that described by Marshall et al, 14 based on 10 000 iterations. Here, the sums of article and citation fractions for each country were assumed to follow a Poisson distribution. R Version 2.14 was used for the simulation. For other statistical analyses, SAS 9.2 was used.
Results

Validations
The literature search yielded a total of 44 877 clinical and epidemiological articles on stroke published in the English language from January 2001 to August 2011. In a validation of 445 randomly selected articles (1% of all articles), we identified 41 articles that did not fulfill the inclusion criteria (13 on neurological conditions other than stroke, 23 on other diseases, and 5 nonhuman studies; overall positive predictive value 90.8%). The distribution of countries among articles that did not fulfill the inclusion criteria (United States 32%; United Kingdom, Japan, and Germany together 24%; other countries 44%) was similar to that of the entire set of articles (see subsequently). Terms that were added late in the search process, for example, more subclassifications of stroke, resulted in very few additional articles, not identified at previous steps of the search, indicating high sensitivity.
Articles identified by our search strategy did not always have stroke as a major focus but as 1 of many disorders (including, for instance, stroke as 1 of several manifestations of cardiovascular disease). If the condition that the term "stroke" should be present in the title, abstract, or authors' key words was added to possibly retrieve more strokespecific articles, it had very little impact on the ranking of countries (data not shown).
When our SCI search was extended to articles published in any language, the great majority of articles retrieved were in English (93.2%). Other relatively frequent languages were German (1.9%), Spanish (1.7%), French (1.1%), and Russian (0.9%). No other language accounted for Ͼ0.4%.
Excluding review articles had little impact on the ranking of countries, whether article fractions or citations fractions were compared, even if citation fractions were, in general, somewhat lower (data not shown). Figure 1 shows the top 30 countries by quantity of articles, expressed as sums of article fractions. The United States had a very marked dominance (28.7% of the sum of article fractions). Next in ranking by quantity were the United Kingdom, Japan, and Germany (7%-8%).
Country Proportions of All Articles and Citations
The sums of citation fractions for articles published during the years 2001 to 2010 are shown in Figure 2 (left panel). Here, the US dominance is even more evident (36.2%). Belgium, Denmark, France, Sweden, and the United Kingdom also had a bigger proportion of citations than proportion of articles. For all other countries, the proportion of citations was equal to or lower than the proportion of articles.
When the h-index was used to further assess the impact of stroke publications (Figure 2 , right panel), most countries ranked about the same as when citation fractions were used. A general pattern was, however, that the Scandinavian countries (Denmark, Finland, Norway, and Sweden) ranked somewhat higher when h-index was used, whereas East Asian countries (China, Japan, South Korea, and Taiwan) ranked lower.
Country Proportions Adjusted for Population Size and GDP
When sums of article fractions were adjusted for population size, several small European countries, together with Israel, ranked the highest (Table 1) . Among the 4 countries with the largest production in absolute numbers, the United Kingdom ranked considerably higher per million inhabitants than the United States, Germany, and Japan. When the European Union countries were analyzed together, the article fraction adjusted for population size was somewhat lower than the US fraction but higher than the Japanese fraction (Table 1) .
There was a very close relationship between GDP and number of publications on stroke (rϭ0.98 for the top 30 countries as to sum of article fractions). When the countries were ranked by sum of article fractions adjusted for GDP, Israel had the largest production of scientific articles during 2001 to 2011 followed by Taiwan and the same small European counties that ranked high in the populationadjusted comparisons. Again, the United Kingdom ranked highest among the 4 countries with most published articles. Countries with big economies such as the United States, China, and Japan, although having a high proportion of article fractions (Figure 1 ), tended to rank relatively low after adjustment for GDP. The European Union countries together had a higher GDP-adjusted article fraction than the United States and Japan (Table 1) .
In citation analyses, Sweden ranked the highest, whether adjusted by population or economy size (Table 1) . Several other small European countries, plus the United Kingdom, also ranked high. It may be noted that Asian countries with a high production of articles (China, Japan, and South Korea) ranked relatively low in citations after adjustment for popu-lation size or GDP. The citation fraction for articles from the European Union countries combined was similar to that in the United States whether adjusted for population size or GDP (Table 1 ).
Relation to Country Burden of Stroke
Among the 29 countries with the largest number of stroke publications during the years 2001 to 2010 (comparative World Health Organization data on disability-adjusted lifeyears are not available for Taiwan), there was a strong negative correlation between the population burden of stroke (measured as age-standardized disability-adjusted life-years attributed to cerebrovascular disease per population) and the number of publications per population (rϭ0.60; Pϭ0.001). Several countries with a high burden of stroke had a relatively low number of stroke articles per population (eg, China, India, Turkey), whereas some countries with a relatively low burden of stroke had a high number of publications per population (eg, Canada, Israel, and Switzerland).
Time Trends
In all countries with a quantity of articles that permitted reliable analyses (Ն100 articles during study period), there was an increase in the sum of article fractions over the 2001 to 2010 period. The overall annual increase was 10.4% (95% CI, 10.1%-10.8%). As emerges from Table 2 , left columns, the increasing pattern was similar in most coun- tries, being in the range of 9% to 14% annual increase. However, in 3 countries, China, South Korea, and Singapore, the annual rate of increase was more than twice the international average. In Israel, Japan, and the United Kingdom, the rate of increase was significantly slower than the worldwide average ( Table 2) .
When the article quantity ranking of countries in the beginning of the study period (2001) (2002) was compared with that at the end of the period (2010 -2011), the top 5 countries were identical at the 2 time points. Eight countries had advanced Ն5 positions, 5 of them in Asia (China, India, Iran, South Korea, and Taiwan), 2 in Europe (Greece and Poland), and 1 in South America (Brazil). Three countries lost Ն5 positions (Finland, Israel, and Sweden). Due to the large number of article fractions, 95% CIs of the rankings were narrow.
Because recently published articles have fewer citations than articles published earlier (articles published in 2002 had the highest total number of citations), annual trends in citations by country are not reported here. To illustrate change over time, we instead provide citation ranking data at the beginning and the end of the study period ( Table 2 , right columns). Three countries improved their citation fraction ranking from 2001 to 2002 to 2009 to 2010 by 5 positions or more: China, India, and South Korea. Among the top 10 countries in 2001 to 2022, Belgium, Japan, and Sweden each lost Ն3 ranking positions. Among countries further down the list, Austria, Finland, Hungary, Norway, Singapore. and Turkey lost Ն5 positions. It should be noted, however, that Belgium and Singapore each had 1 very frequently cited article in 2001, making their positions at the beginning of the study period spuriously high. As for article fractions, the 95% CIs of the rankings were narrow.
Multinational Collaboration
In Figure 3 , multinational collaboration, as reflected by articles with authorship from Ͼ1 country, has been mapped., showing links with at least 50 coauthored articles. The pattern was essentially the same as for sums of article and citation fractions with the United States as the leading country. However, there were a few countries with few strong multinational authorships in view of their overall production of stroke articles: China, Japan, and South Korea. Whereas there was frequent coauthorship between west European countries, there were no strong coauthorships between Asian countries.
Discussion
Worldwide, there has been a Ͼ10% annual increase in clinical and epidemiological stroke publications during the last century. We have documented the US dominance in clinical and epidemiological stroke research and the rapidly increasing contribution of Chinese and South Korean research to the scientific literature on stroke. When adjusted for population size and GDP, many small European countries rank remarkably high in stroke research production, but, over the years, many of them seem to have lost some of their competitiveness.
The addition of relevant new articles was minimal when, by the end of the search procedure, new search terms were added. This indicates a high sensitivity of our search strategy. Validation of randomly selected articles indicated a reasonably good specificity. Articles resulting from the search strategy that were found not to be relevant were similarly distributed between countries as relevant articles. It is highly unlikely that any bias caused by the limited proportion of irrelevant articles was systematic enough to significantly affect the comparisons between countries.
The fact that our search was not restricted to stroke or neurological journals may be seen both as a strength and a weakness. The search strategy resulted in a broad spectrum of articles, that not all had stroke as a major focus. For instance, reports on stroke as 1 of several outcomes or stroke as an adverse effect of therapy were included. Thus, we studied countries' contribution to the collected worldwide knowledge on stroke rather than success or failure of a country's policy to promote specific stroke research. SCI Expanded covers all important medical journals published in English, but its coverage of non-English literature is limited. 15 This may explain why a big country like Russia (with stroke research predominantly published in Russian language journals) does not appear, in any aspect, among the top 30 producers of stroke research. Correspondingly, research published in Spanish, Chinese, and Japanese may be underrepresented in our analyses of research production. Because non-English articles are infrequently cited in the international literature, comparisons of citations are less prone to be affected by selective language coverage in SCI.
The use of impact factors to evaluate quality of healthcare research has often been criticized, perhaps most eloquently by Seglen as early as 1997. 16 Concerns have also been expressed by organizations such as the European Association of Science Editors. 17 The sum of citation fractions and the h-index, as we have used, are a more direct measures of the impact stroke articles have had than journal impact factors. The need for adjustment for speciality has also been emphasized. 17, 18 Because our study was restricted to a relatively uniform research area, there was no obvious need for adjustment by speciality.
The dominance of the United States in both quantitative and qualitative analyses was impressive, but much less so when population size and GDP were taken into account. It should be noted that, due to the size of the US economy (nearly 3 times bigger than that of any other country), the US ranking came out as quite low when adjusted for GDP. The share of US articles of total number of stroke articles in the world (sum of article fractions 29%) is approximately the same or somewhat smaller than reported from other clinical disciplines, for example, infectious diseases, cardiopulmonary diseases, and public health epidemiology. 7, 19, 20 Together, the big 4 (United States, Japan, United Kingdom, and Germany) produce the majority of the world's stroke literature: 52% of the sum of article fractions and 61% of the sum of citation fractions. Many small countries in western Europe (most notably the Scandinavian countries), together with Israel, rank high in the population and GDP-adjusted comparisons. However, several of them, for instance all Nordic countries such as Denmark, Finland, Norway, and Sweden, together with Israel, have lost rank positions during the last decade. This may represent a regression-to-the-mean phenomenon in a very competitive international setting, but it may also be an expression of emerging problems in research organization, innovation culture, and funding in these countries. Exceptions to the trend in small, previously successful countries to lose positions are The Netherlands and Switzerland, both keeping their high rankings.
The much cited Clinical Research Roundtable at the Institute of Medicine has characterized US clinical research as "increasingly encumbered by high costs, slow results, lack of funding, regulatory burdens, fragmented infrastructure, incompatible databases, and a shortage of qualified investigators and willing participants." 21 It is beyond the scope of this article to analyze to what extent some countries may have been more successful than others to overcome these obstacles. However, we note that, first, the United States has, despite these challenges, kept its dominating position in stroke research and, second, that common to many of the successful small countries are strong multinational research networks. It is notable that multinational collaboration is much less common outside North America and Europe.
There was a very strong negative correlation between the population burden of stroke and stroke research production.
The links are complex with socioeconomic factors seemingly playing a major role. Our results highlight the obvious need for high-quality stroke research in countries with a high burden of the disease.
It seems that countries with rapidly expanding economies strengthen their positions. China and South Korea have emerged as leading countries in stroke research, more so in quantitative terms than in impact. Common to them is very strong economic growth. Brazil, India, and Taiwan are also examples of countries with an expanding economy that rank considerably higher in stroke research now than a decade ago. The rate of increase in number of articles has been less than the international average in Japan despite a well-recognized stroke research history, perhaps related to economic growth below the international average during the last decade.
To conclude, we have provided benchmarking data on the quantity of scientific publications and on impact in terms of citation rates and h-index in different countries during the last decade. We have also mapped multinational collaboration. Irrespective of bibliometric measure, there is a striking association between economic strength (and growth) and volume and impact of stroke research. Considering their population size and GDP, several small European countries rank high both as to publication volume and citation rates. During the decade, there has been a very conspicuous increase in the Asian contribution to the scientific literature on stroke. 
